gov/abs/physics/0107075. 21. The interaction properties of ultracold atoms are described by a single parameter, namely the scattering length a, which we give in atomic units (a 0 ϭ 0.0529 nm). The zero-energy collisional cross-section between distinguishable particles can be expressed as ϭ 4a 2 . At finite energy, depends also on the sign of the scattering length. The mean-field interaction energy in a Bose-Einstein condensate can be expressed as E ϭ h 2 na /(M), where n is the gas density. 22. Because the evaporation ramp is optimized for K, at this stage the Rb sample typically contains less than 10 4 atoms and still follows a thermal distribution. Further reduction of the evaporation threshold results in a complete loss of all the Rb atoms. 23 . Photoelectron spectra of these clusters revealed that the solute dianions were in the center of the water cluster, (H 2 O) n . For small clusters, these spectra were characteristic of the respective solutes, but beyond the first solvation shell (n Ϸ 12), features in the spectra from the solutes were diminished and a new feature from ionization of water emerged, analogous to bulk aqueous solutions. For large clusters with dimensions greater than 1 nanometer, the solute photoemission features disappeared and the spectra were dominated by the ionization of water as the solvent coverage increased. A smooth transition from gas-phase clusters to behavior of electrolyte solutions was clearly revealed, and the large solvated clusters can be used as molecular models to investigate the photophysics and chemistry of aqueous electrolyte solutions.
Cations often exhibit definitive solvation shells both in bulk aqueous solutions (1, 2) and in water clusters (3) because of their small sizes and strong solute-water interactions. However, the solvation of anions is more complicated, and microscopic information about their solvation is relatively limited despite their importance in chemistry and biochemistry (4 -6) . Most current research on solvated anion clusters has been devoted to the simple halide anions (7-13), with few studies on more complex anions (14 -16). Multiply charged anions are ubiquitous in aqueous solutions and biomolecules and constitute a vital class of complex anions (17 ) . But there has been relatively little experimental and theoretical effort to elucidate their stability and solvation at a molecular level (18 -20) . Here, we report photoelectron spectra (PES) of large solvated clusters of two common inorganic doubly charged anions, SO 4 2-(H 2 O) n and C 2 O 4 2-(H 2 O) n (n ϭ 4 to 40), that provide a bridge between hydrated clusters and aqueous solutions and allow us to probe properties of aqueous electrolyte solutions in the gas phase. The analysis of the evolution of the PES with cluster size shows the dianions were solvated in the center of the water clusters. As the solvent number increased, PES features from the solutes diminished as a result of increased solvent coverage, and additional features from ionization of the solvent emerged. A gradual transition from molecular clusters to behavior of electrolyte solutions was clearly observed, and the solvated clusters may be viewed as molecular models for aqueous solutions.
The application of photoelectron spectroscopy to aqueous solutions has been extremely challenging because of the difficulties of handling solution samples under high-vacuum conditions (21) (22) (23) . The use of hydrated ion samples provides an alternative approach (7, 24, 25) , but it has not been possible to examine multiply charged anions until recently (17, 26 ) . We used an electrospray ion source to produce the solvated clusters. The experimental apparatus, equipped with the electrospray source, an ion trap, and photoemission capability, has been described in detail (27 ) . In the current study, a 10 Ϫ4 M solution of Na 2 SO 4 or Na 2 C 2 O 4 in a water-acetonitrile solution was used in the electrospray. Solvated clusters with a single doubly charged anion, SO 4 2-(H 2 O) n or C 2 O 4 2-(H 2 O) n , were readily produced for n ϭ 4 to 60. A given solvated cluster of interest was selected and irradiated with a laser beam in the interaction zone of a magnetic-bottle photoelectron analyzer. Three detachment photon energies were used in the current experiment: 266 nm (4.661 eV), 193 nm (6.424 eV), and 157 nm (7.866 eV). Because the electron binding energies increase with cluster size, the highest photon energy at 157 nm was required to investigate the large clusters, whereas for smaller clusters PES at various photon energies were obtained. Figure 1A shows the PES of SO 4 2-(H 2 O) n from n ϭ 4 to 40 at 157 nm. The electron binding energies were observed to increase monotonically with the solvent number. All of the features in the PES of the small SO 4 2-(H 2 O) n clusters-including two well-separated bands at lower binding energies and a broad feature at higher binding energies-were due to electron emission from SO 4 2-, and they were similar to the PES of Na ϩ (SO 4 2-), as we showed in (26 ) . The similarity among the spectra of the small clusters indicated that the SO 4 2-dianion remained intact in the solvated clusters. However, as the solvent number increased above n Ϸ 12, three gradual changes were observed in the PES. First, the relative intensity of the low binding energy feature from SO 4 2-seemed to decrease and almost disappeared in the large clusters. Second, a very intense peak emerged at the high binding energy side. Third, above n Ϸ 12, the gap between the first two bands became smaller, whereas it remained constant in the small clusters and in Na ϩ (SO 4 2-). The cutoff at the high binding energy side in each spectrum was due to the repulsive Coulomb barrier (RCB), which exists universally in multiply charged anions and essentially prohibits slow electrons (high electron binding energies) from being emitted (17 ) . The onset of the three spectral changes mentioned above was between n ϭ 12 and 15 and became quite obvious beyond n ϭ 16 (Fig. 1A) . The solute features almost completely disappeared for n Ͼ 30. The high binding energy feature must be due to a new ionization channel that gained cross section with cluster size, whereas the detachment cross sections for the solute decreased with cluster size. The latter finding was confirmed when the experiment was performed at 193 nm, where only the first solute band could be observed for n Ͼ 13 because of the RCB that cut off the higher binding energy features. A significant reduction of electron count rates was observed at 193 nm for n Ͼ 12, consistent with the observation at 157 nm (Fig. 1A) , and it became rather difficult for us to observe photoemission signals beyond n ϭ 18, despite the photon energy still being above the RCB and the reasonable strength of the cluster mass signals. (Fig. 1B) . In smaller clusters (n ϭ 4 to 10), PES features from the C 2 O 4 2-solute dominated. The three broad bands observed for n ϭ 4 and 6 were similar to PES features observed for Na ϩ (C 2 O 4 2-) (28) . As the solvent number increased, the features from the solute gradually diminished, accompanied by the appearance of a strong feature at the high binding energy side. The PES spectral changes occurred in a cluster size range similar to that seen in SO 4 2-(H 2 O) n , except that the features from C 2 O 4 2-remained discernible even for n Ͼ 30, whereas in SO 4 2-(H 2 O) n the solute features almost completely disappeared for n Ͼ 30. The new features that appeared in the large clusters in both solvated systems were nearly identical in spectral shape and binding energy.
The spectra presented in Fig. 1 represent transitions from the doubly charged solvated clusters to singly charged species. The spectral changes observed in the large solvated clusters were not anticipated, because as the solvent number increased the solutes were expected to remain intact. In particular, the loss of the solute PES features in the large clusters was a total surprise. Chemical changes, such as intracluster proton transfer, could be ruled out because the large solvated clusters represented more "diluted solutions," and the chemical equilibrium should favor the intact dianions as solvent number increased. In the only previous PES studies of large hydrated anions [i.e., I
-(H 2 O) n ], PES features from the solute I -were observed for n as large as 60 (7) . Interestingly, the I -anion has since been found to be on the surface of the water clusters (8, 9) . The disappearance of the solute signals in the current systems suggested that the dianions might be solvated in the center of the water clusters, so that photoelectrons from the centrally located solute might not readily escape the increasing solvent layers. This difference between the dianions and I -could arise from the stronger charge-dipole interactions between the dianions and water compared to the single diffuse charge of I -. Our ab initio calculations for up to six water molecules showed that the water molecules indeed tend to solvate symmetrically around the dianions for both SO 4 2-(26) and C 2 O 4 2-(28). This interpretation is supported by a previous photoelectron study at 21.2 eV of a highly concentrated aqueous solution of CsF (22) . In this experiment, PES features from F -were significantly reduced by a one-layer water solvation shell on F -at the solutionvacuum interface (29) . Furthermore, a small mixture of CsI into the CsF solution showed that PES features from I -were actually enhanced because I -displayed more surface activity (22) . These observations in the bulk electrolyte solutions were consistent with the observations in the gas-phase solvated clusters, where I -is known to be solvated on the outside of the water clusters (8, 9) and F -is known to be solvated on the inside because of its strong charge-dipole interactions with water (8, 9, 11) .
Our data on the solvated sulfate and oxalate dianions are consistent with those of the bulk electrolyte solutions. As the solvent number increased, the solutes were gradually being covered with water. The onset of the decreasing solute signals around n ϭ 13 to 15 may suggest the completion of the first solvation shell. Although the number of water molecules in the first solvation shell for the dianions in bulk solutions was not definitively known (2), our observation was consistent with a previous molecular dynamics simulation that suggested that the first solvation shell for SO 4 2-consisted of about 13 water molecules (20) . As more solvent molecules were added, the second solvation shell began to form, further reducing the solute PES signals. With about 30 water molecules, the signals from SO 4 2-were almost completely damped. The signals from C 2 O 4 2-were still visible with 40 water molecules (Fig. 1B) , consistent with the relatively large size of C 2 O 4 2-, which would require more water to achieve the same coverage as in SO 4 2Ϫ -(
But what is the nature of the intense high binding energy feature in the large solvated clusters? This feature could not be accounted for by inelastic scatterings of the solute photoelectrons by the solvent for two reasons. First, this peak was too intense. The mass signals became weaker for larger solvated clusters. However, we observed that the total electron count rates, almost all due to the high binding energy peak, were in fact very strong for the large clusters. Second, we did not observe significant inelastic scatterings at 193 nm. The intense high binding energy feature must correspond to a new detachment channel, which we attribute to ionization of the solvent. The ionization potentials of water clusters should be between that of gaseous water molecules at 12.6 eV and that of liquid water at 10.06 eV (30) . Because our solvated clusters were negatively charged, the ionization potentials of water should be lowered. In fact, we recently observed that the ionization potential of a water molecule was reduced from 12.6 eV to about 6.1 eV in the F -H 2 O complex (31), because of the strong Coulomb repulsion experienced by the valence electrons in H 2 O from F -. We further observed that the intensity of the solvent ionization peak increased rapidly with the solvent number. In the present study, the ionization of water could not be observed in the small clusters because of the cutoff due to the RCB (17 ). The decrease of the RCB and the enhanced ionization cross section with increasing solvent number caused the signals from ionizing the solvent to become the dominant PES feature in the large clusters of SO 4 2Ϫ -(H 2 O) n and C 2 O 4 2-(H 2 O) n . Because of the overlap between the solvent ionization feature and features due to the solute, we could not definitively identify the precise cluster size where the solvent ionization feature appeared. However, we suspected that for the SO 4 2-(H 2 O) n system (Fig. 1A) , the relative intensity change between the first two solute bands starting around n ϭ 12 was due to the contribution of the water ionization feature to the second solute band. Furthermore, the closing separation between the first and second bands starting in the same size range suggested that the binding energy for the ionization of water was actually smaller than that of the second solute band. Therefore, the threshold of the second band at large n actually represented the ionization threshold of the solvent. For the SO 4 2-(H 2 O) n system, we obtained the ionization threshold of water for n Ͼ 13. The spectra of C 2 O 4 2--(H 2 O) n (Fig. 1B) showed that the third PES band began to dominate above n ϭ 10, again indicating major contributions of solvent ionization to this band. Our estimated solvent ionization thresholds for the two systems, along with those obtained for the solutes, are plotted in Fig. 2A as a function of solvent number (32) . We note that the solvent ionization thresholds were nearly identical in the two systems, but the detachment thresholds of SO 4 2-were systematically larger than that of C 2 O 4 2-for a given solvent number.
Previous theoretical considerations of ion solvation in finite clusters suggested that the ionization energies of a solvated anion should be scaled to 1/R linearly (13, 33) , where R is the radius of the solvated clusters and is proportional to the solvent number as (n ϩ ␦) Ϫ1/3 (where ␦ is the equivalent solvent number for the solute and accounts for the contribution of the solute to the cluster volume). For example, in I -(H 2 O) n , ␦ has been taken to be 2 for I -(7 ). We estimated that ␦ is 4 for SO 4 2-and 6 for C 2 O 4 2-. In Fig. 2 , B and C, we plot the ionization thresholds for the solutes and solvent as a function of (n ϩ ␦) Ϫ1/3 . The ionization thresholds for the solutes as well as that for water were indeed linearly dependent on (n ϩ ␦) Ϫ1/3 for both solvated systems.
For infinite n, the ionization energies for water can be extrapolated to 10 (30) . The discrepancies between our extrapolated values and the bulk values can be attributed to the fact that the bulk values were measured over the surface of electrolyte solutions at relatively high solute concentrations, whereas our extrapolations corresponded to a hypothetical situation in which a single solute is solvated in the center of an infinitely large water cluster (i.e., an infinitely dilute solution).
The dimensions of our largest solvated clusters were greater than 1 nm. We observed that these water nanodroplets doped with a single solute molecule began to exhibit electronic properties similar to bulk electrolyte solutions. A smooth transition from solvated molecular clusters to behaviors of electrolyte solutions was thus observed one solvent molecule at a time. The photophysical process in the large solvated clusters is schematically illustrated in Fig.  3 . Although photoemission from the solute dominated in small clusters, photoelectrons from the solutes were trapped by the solvent in the large clusters, producing "solvated" electrons (instead of electron emission to vacuum), analogous to the generation of solvated electrons in bulk aqueous solutions (34 ) . The ionization of the solvent, however, would produce a "hole" that could react with the solutes through charge migration or react with a neighboring water molecule to generate OH ϩ H 3 O ϩ , a process known to occur in bulk solutions (34 ) . These photophysical processes taking place in the solvated clusters may be investigated using pump-probe experiments (12, 35, 36 ) . Therefore, the solvated nanoclusters, in addition to being structural models, may be used as molecular analogs for the investigation of a variety of properties of aqueous electrolyte solutions. 
